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1,,INTRODUCTION s outhwire Company is demonstrating the world's fmt industrial application of high-temperature superconducting (HTS) power cables with a 30-m, three-phase cable system at its Carrollton, Georgia plant as shown in Fig. 1 . The three 30-m cables are shown in the center. To the left and right of the cable is the switchyard used to energize the cable. Behind the cables are the LN storage tank and the cryogenic system. The cable carries 1250 A (rms) at 12.4 kV and powers two of its main manufacturing plants and the Southwire Machinery Division.
The cable was developed in close collaboration with Oak Ridge National laboratory (ORNL) under a DOE sponsored Superconductivity Partnership Initiative (SPI). Other SPI partners on this project, were Argonne National Laboratory (ANL), Intermagnetics General Corporation (IGC), EURUS Technologies, Southern California Edison, Southern Company, and Georgia Transmission Corporation.
The ffist industrial demonstration of a three-phase, HTS power transmission cable at the Southwire manufacturing complex is in progress. This paper describes some of the development work with 5-m cables, field testing, and operation of the 30-m HTS cable system. 
11.HTS TAPE
Superconducting cable performance greatly depends upon the quality of the HTS tapes -their physicat and mecharticrtl properties. KC Superpower, a wholly owned subsidiary of IGC, supplied the lW generation of HTS tapes required for the construction of l-m, 5-m, and 30-m cables.
A. First Generation Tapes
The l" generation HTS material refers to compositions of bismuth, strontium, catcium, and copper oxide (Bi-2223) and is usually referred to as BSCCO. The most common fabrication process uses a powder-in-tube (PIT) method, where ceramic materiats are packed in silver or silver-alloy tubes that then undergo a series of thermo-mechanical steps resulting in a superconducting tape. The tapes used in this project are 3.5 mm (137 roils) wide and a 0.2 mm (8 roils) thick. PIT BSCCO is a relatively mature technology and fault current controllers, motors, and generators, The performance improvement of the superconducting tape during the Southwire HTS cable program is shown in Fig. 2 . The measured critical current,~, for the phase 2 main conductor of the 30-m HTS cable was 2980 A and an n-vattte of 9 was observed. The critical current is the current that produces a voltage drop of 1 pV/cm, below which the conductor is defined to be superconducting. The n value from the V-I curve is defined by the power law: p = k~, where p is cable resistivity (proportional to voltage drop), and J is the current density, The critical current of the phase 1 main conductor was more than 3000 A (the limit of the power supply), The critical current of one of the 5-m cables is also shown in Fig, 2 and is 1090 A with an n-value of 3.
The design cttrmnt of the 5-m and 30-m cables was 1250 A and the same number of layers and superconducting tapes were used in both the 5-m and 30-m cables. In the 15 months that elapsed between procurement of the superconducting tapes for the 5-m and the 30-m cables, the tape performance improvedl dramatically, As a result, the 30-m cables, while designed for a 1250 A rating, are actually -3000 A conductors, With this extra margin, the superconductors contribute no resistance when operating at currents below about 1500 A, as shown in l%g, 2, The tape performance improvements were achieved by PIT process improvements and a change flom a silver clad tape for the 5-m cables to a silver-alloy clad tape in the 30-m cables. This later change increased the mechanical strength and bending strain of the tapes, key factors in cable manufacture. The BSCCO HTS tapes produced by the PIT process have achieved sut%cient criticat current making them suitable for use in power cables.
conducting material. YBCO is fabricated in a variety of ways by a continuous process, as opposed to a batch process as in PIT, Basically, the process entails depositing a ceramic buffer layer on a metal substrate such as stainless steel or nickel and then adding a thin coating of YBCO. Typical buffer layers are yttria-stabilized zirconia (YSZ) or magnesium oxide (MgO). Thedeposition of the buffer layer is a critical step because the grains of the buffer form a very carefully aligned template onto which the HTS is deposited, The buffer layer also serves to isolate the substrate and HTS so there are no adverse chemical reactions, YBCO is deposited on the buffer layer by pulsed laser deposition (PLD), metal organic chemical vapor deposition (MOCVD) or other mechanisms.
To date, YBCO has not been fabricated in lengths greater than 1 to 5 meters, IGC-Superpower is in the process of developing YBCO tapes using a IBAD/PLD (ion beam assisted deposition for the substrate and PLD for HI'S), IGCSuperPower intends to scale-up this prwess for long-length YBCO conductor manufacturing and use the coated conductor for the commercial manufacturing of HTS electric power device components and the HTS power cables,
The rolling-assisted biaxially textured substrate (RABiTS) is another competing process behg developed to manufacture the 2ndgeneration of superconductor tape, ORNL is developing various aspects of RABiTS which is the template upon which the YBCO is deposited. It is made fkom rolltextured and annealed metals, such as nickel or nickel alloys, and one or more ceramic buffer layers, The superconducting YBCO is deposited on this template using a variety of techniques.
111, DESIGN OF CABLE
Based upon cable efficiency goals, Southwire has chosen to use the cryogenic dielectric design of cable construction as shown in Fig. 3 . In this coaxial conductor design, HTS tapes are wound over a hollow former to construct the inner conductor that is the phase conductor for the cable. Dielectric tapes are wound over the HTS phase conductor followed by an outer layer of HTS tapes. The outer HTS tapes act as a shield to prevent the magnetic tields from interacting with external conductors including adjacent phases. Eddy currents are atso not developed in metatlic parts of the enclosure, thus eliminating any losses due to the heating. However, the cryogenic design requires that the dielectric be cooled to the minimum operating cryogenic temperature. Southwire has developed a proprietary dielectric material, Cryoflex, which is suitable for our application and will be discussed later.
B. Second Generation Tapes
Nonetheless, work has continued with the development of a Y'd generation conductor, a coated conductor, which offers inherent ruggedness, performance, and cost benefits using yttrium-barium-copper oxide (YBCO) as the ceramic super- 
IV. PROOF OF DESIGN-5-M CABLES
Two 5-m long cables were constructed using the same design to be used for the 30-In cables. The 5-m cables were designed to carry 1250A at 12.4 kV similar to our final cable. A versatile cable test facility was designed and assembled at in Fig, 4 . The photograph shows a 5-m cable between two terminations. A LN cooling system is shown on the right. The test facility has a 3000A dc power supply for measuring the dc critical curren~Ic, of the cable and a 1500 A ac power supply for measuring ac losses. A high voltage power supply is available to test the cable at a peak voltage of 2.5 times the operating voltage. An impulse power supply is also available to test the cable under impulse voltages of up to 100 kV. The impulse generator has been recently upgraded to generate up to 200 kV. A 25 kA pulsed power supply is also available to simulate over currents due to system faults.
The termination shown in Fig, 4 is our earlier termination that uses a high vacuum for both electrical and thermal insulation. In this termination design, two cryogenic (cold) bushings are required as feedthroughs for the phase and shield conductors. The HTS cable is separated from the termination by the cryogenic bushings for the phase and shield conductors. Inside the termination, the cold bushings are electrically connected by copper straps, which bring power from cryogenic temperature to ambient. Thermal insulation is maintained by high vacuum inside the termination. Though this design of termination worked, it was realized that a loss of vacuum would compromise the electrical withstand. The most susceptible components to a vacuum integrity were the cold ceramic bushings which were under very high thermal and mechanical stress due to cryogenic temperature on one end and nearly room temperature at the other end. A slight leak in either cold bushing would be suftlcient to put the vacuum at the Paschen minimum for nitrogen gas, which breaks down at -250 V, a much lower level than the operating voltage Due to the above reasons, a novel termination concept was conceived, designed, and built that operates with pressurized liquid nitrogen and gaseous nitrogen as shown in Fig. 5 This termination like the vacuum termination, is designed for 18 kV ac withstand and 110 kV BIL (basic impulse insulation level). The basic concept is simple there are no cryogenics phase or shield bushings. Each termination has two conventional warm bushings which eliminates any significant thermal or mechanical stresses. The liquid nitrogen in the cable undergoes a controlled and slow phase transition to gas in the termination area, The entire termination is at the cryogenic system pressure and there is a natural thermal transition from liquid to gas along the cable conductors. The overall size of the termination is greatly reduced as shown below in Fig. 6 . The Southwire HTS cable installation has used six pressurized terminations for 3 cable phases. Aging tests are being carried out to determine the extended life of the dielectric, which is expected to go much beyond normal 30-year life for the conventional cables.
VI. SPLICE DEVELOPMENT
A cable splice was made in the middle of a 5-m cable by joining the phase and shielding conductors as well as the dielectric materials. The splice was tested at ORNL'S cable test facility. The dc Ic of the phase conductor was alwut 2650 A at 77 K and 1900 A for shield at 80 K. Other tests such as over-current tes~voltage withstand, and BIL test are planned to be carried out. It is planned to add a splice and a 5-m cable to the 30-m cable installation during the f~st quarter of 2001,
VII, ELECTRICAL TESTING
The quatity of cable design, terminations, dielectric material and the performance of HTS tapes was extensively tested on 5-m cables and offline on our 30-m cables.
A. 5-m Cables
Two 5-m cables were tested in a laboratory environment during 1998 and 1999 to determine the performance and overall robusmess of the system. The first 5-m cable was tested with the vacuum termination and then the second 5-m cable was tested with the pressurized termination. Both cables are the same except for some minor modifications. The following tests were made. 1) Rated Current and Voltage: The cable was operated at the designed current (1250 A ac) and voltage (7.2 kV lineto-ground) for extended periods of time.
2) Ac Withstand Test The cables were subjected to an ac withstand test to 18 kV for 30 minutes without any breakdown.
3) Impulse Testing: An impulse test was performed on the cables to determine the basic impulse insulation level. 4) Simulated Fault Current: Over-currents were applied to the cable up to 12.8 kA for a 2-s pulse length. This is over 10 times the design current and simulates a short circuit on the load side. The cable survived 15 simulated fault current shots without any degradation in its V-I characteristics. 5) Bend Test: A bend test was also performed. The second 5-m cable was removed from the test facility and bent in one direction and then in the reverse direction for four cycles on a wooden fixture of the same diameter (2.44 m) as a cableshipping spool. Cable testing before and after bending indicated no change in the ac withstand and impulse loading from previous tests. The cable critical current however, was reduced by about 1570 after bending.
B. 30-nt Cable
Off-line testing was carried out before putting the cable in service. The tests included high-voltage withstand, dc voltage/current tests, dc current load tests, and rated voltage tests, The dc voltage/current tests were repeated after six months of operation which included 4 to 6 cool-down and warm-up cycles, and operating under variable load conditions. 1) Ac Voltage Withstand: An ac voltage withstand was carried out using a variable ac voltage power supply. Voltage was applied one phase at a time to 11-12 kV and held for 30 minutes to test the cable dielectric system. Phases 1 and 2 were maintained at 166% of rated voltage without breakdown. Phase 3, which has a slightly different geometry was maintained at 230~0 of rated voltage without breakdown.
2) Dc Voltage/Current TesC A dc voltage/current test was performed using ORNL'S 3000A dc power supply. The dc Ic of the phase conductor was about 2650A at 77 K and 1900 A for shield at 80 K. The dc Ic test was repeated after about six months of operation and 4 to 6 cool-down and warm-up cycles. There was no degradation in the cable Ic.
3) Extended Current Tests: Extended current tests were conducted to simulate average, rated, and emergency loading of the cables. Tests were conducted using 800, 1200, and 1400 A each for 8 hours using a dc power supply. 4) RatedVoltage Test A rated voltage test was conducted with open-circuit using the substation supply. The cable breaker atone end was closed and the other end remained opened, so no current was flowing through the cable. The phase voltage was maintained on each phase in several sequences of up to 12 hours. The cable dielectric performed as designed.
VIII.
SYSTEM TESTING The HTS cable system was dedicated on Feb. 18, 2000 by the U.S. Secretary of Energy and the Governor of Georgia, The cable had been operated on full load for over 3000 hours by the end of Sept. 2000 and is still continuing. A data acquisition system records and archives the key parameters of the cryogenic system, electrical system, and the superconducting cable. Fig. 8 shows the variation of phase 1 current during one-month pericd. During the cable operation, the LN return temperature varies within 1 to 2 K as is shown in Fig, 9 , VIII.
UTILITY APPLICATIONS
The power demands in big cities such as New York Chicago, Los Angeles, Tokyo, and others have increased considerably. It is essential for utilities to increase their power transmission capacities through their underground system. In the United States there are approximately 3500 miles of high-voltage underground power cables using copper or aluminum conductors to provide electricity to large metropolitan areas. The metropolitan areas continue to grow adding further demands on utilities. Most of the power cables are encased in 101.6 to 203.2 mm (4 to 8 in.) diameter steel pipes, which are oil-filled under high pressure. The cables in these pipes ean be replaced with HTS cables, which can carry 3 to 8 times more power. It will also eliminate the environmental risks due to oil leaks.
At present, high voltage power cables bring power horn the outskirts of cities to the downtown area, where transmission substations lower the voltage and distribution circuits deliver the power to customers. With this new HTS technology, the HTS cables can bring power at low voltage and high-current eliminating any need for downtown substations. The Southwire field application has successfully demonstrated the utility application of HTS cables at distribution voltages and high currents. Potential applications include (1) substation to customer, 2) substation to substation, 3) extended substation bus, 4) substation express fder, 5) generating unit to step-up transformer.
Southwire designed their HTS cable system for distribution voltage because it easily met the demands for the operation of three manufacturing plants. Higher voltage would have required step up and step down transformers adding to the cost and time for the completion of this project. The trots on Cryoflex dielectrics have demonstrated that a higher voltage application is feasible. 
IX. SUMMARY
Southwire has demonstrated an innovative cryogenic dielectric HTS cable, which is being used to transmit power to three of its main manufacturing plants. The cable has been successfully integrated into a 12.4 kV electric dklribution system and is delivering on average over 900 A to the Southwire manufacturing plants. The cable has been reliably operated for over 3000 hours by the end of Sept. 2000 and is continuing. Test data and information is IxXng gathered for future optimization of HTS cables. The cryogenic design of the cable has helped Southwire develop a suitable tape dielectric, which is equally suitable for higher voltage applications. 
